1. Introduction
===============

Cervical cancer (CC), as the second leading cause of cancer morbidity and mortality for women around the world, is the term for a malignant neoplasm arising from cells originating in the cervix uteri. One of the most common symptoms of cervical cancer is abnormal vaginal bleeding, but in some cases there may be no obvious symptoms until the cancer has progressed to an advanced stage \[[@b1-ijms-13-16053]\]. Clinical drugs did not show strong therapeutic efficacy combined with a lack of side effects. According to the American Cancer Society, there are no established guidelines to prevent cervical cancer. To reduce the high disease burden, the development of effective prevention and therapeutic procedures is needed.

It is well-known that infection with the high risk human papilloma virus (HPV) is the predominant risk factor for CC \[[@b2-ijms-13-16053]\]. Since most infected females do not develop the disease, other factors must contribute to the initiation of the cancer. Recent studies have shown that aberrant activation of mTOR is involved in many cancers and the activation status of the mTOR pathway in cervical cancer has been investigated \[[@b3-ijms-13-16053]\]. In the present study, the high expression of the mTOR pathway in pathological cervical tissues was observed, as well as in cervical cancer cell line. Other cancer models have also identified mTOR signaling as a potential target for anticancer therapy \[[@b4-ijms-13-16053]--[@b6-ijms-13-16053]\].

MicroRNAs (miRNAs) are small, conserved, non-coding short RNAs of 18--25 nucleotides in length that bind to target mRNAs mainly at their 3′-UTR \[[@b7-ijms-13-16053]\]. Many microRNAs have been implicated as key regulators of cellular growth and differentiation and have been found to dysregulate proliferation in human tumors \[[@b8-ijms-13-16053]--[@b10-ijms-13-16053]\]. Cancer-linked microRNAs also alter the epigenetic landscape by way of DNA methylation and post-translational modifications of histones \[[@b11-ijms-13-16053]\].

In human cancers, the expression of miRNAs is generally downregulated in malignant tissues compared with the corresponding nonmalignant tissues, suggesting the deregulation of miRNA expression and the contribution of miRNAs to the multistep processes of carcinogenesis, either as oncogenes or as tumor-suppressor genes \[[@b12-ijms-13-16053]--[@b14-ijms-13-16053]\]. In our studies, overexpression of miR-218 could inhibit the growth of human cervical cancer cell line HeLa both *in vivo* and *in vitro*. Furthermore, the treatment with miR-218 promoted chemosensitivity to cisplatin (CDDP) of HeLa cells *in vitro*. Hence, targeting miR-218 may provide a novel strategy for the treatment of cervical cancer.

2. Results and Discussion
=========================

2.1. Results
------------

### 2.1.1. Tumor Suppressive Effect of miR-218 in the Proliferation of Cervical Cancer Cell Growth

MiR-218 is commonly downregulated in cervical cancers \[[@b15-ijms-13-16053]\]. To explore the biological roles of miR-218 in the cervical cells, we stably overexpressed miR-218 in HeLa cells (HeLa/miR-218) by transfecting plasimids carrying miR-218 gene and then selected by puromycin. Also, we established HeLa/miR-NC as control. The overexpression of miR-218 in HeLa/miR-218 cells was confirmed by RT-PCR (See [Supplement Figure S1](#s1-ijms-13-16053){ref-type="supplementary-material"}). The stable cells were seeded in 96-well plates and measured by WST-1 kit for cell growth at indicated time points. Overexpression of miR-218 markedly inhibited the cell growth rate of HeLa cells ([Figure 1A](#f1-ijms-13-16053){ref-type="fig"}). An anchorage independent colony formation assay indicated that miR-218 reduced the numbers of colonies of HeLa cells ([Figure 1B](#f1-ijms-13-16053){ref-type="fig"}), which further demonstrated the inhibition activities of miR-218 in cervical cancer cell proliferation.

### 2.1.2. Overexpression of miR-218 Inhibited Expression of Rictor, an mTOR Component, and Its Downstream Pathway

Rictor (rapamycin-insensitive companion of mTOR) is direct target of miR-218 which was validated in oral cancer cells before \[[@b13-ijms-13-16053]\]. Here in cervical cancer HeLa cells, we demonstrated that miR-218 also downregulated the protein levels of Rictor ([Figure 2A](#f2-ijms-13-16053){ref-type="fig"}). Rictor, together with mTOR, forms mTOR complex 2 (mTORC2), directly regulates the phosphorylation of AKT at Ser-473. In this study, we found that levels of phospho-AKT (Ser-473) were reduced when miR-218 was overexpressed, while the total protein levels of AKT were not obviously changed. In addition, ectopic expression of miR-218 significantly increased protein levels of cleaved Caspase-3, a symbol of cell apoptosis. Furthermore, the activity analysis indicated that ectopic expression of miR-218 significantly activated both Caspase-3 and -8 ([Figure 2B](#f2-ijms-13-16053){ref-type="fig"}).

### 2.1.3. MiR-218 Impaired *In Vivo* Tumor Growth

To further explore the roles of miR-218 in *in vivo* tumor growth, we employed ectopic transplantation model in nude mice. Stable cell lines, HeLa/miR-NC and HeLa/miR-218, were subcutaneously injected into both posterior flanks of nude mice, respectively. Tumors were monitored every two days from the time that they were apparent. Compared with control group, tumor growth of miR-218 group was significantly reduced ([Figure 3A,B](#f3-ijms-13-16053){ref-type="fig"}). 24 days after implantation, mice were sacrificed. The tumor xenografts were removed out and weighed ([Figure 3C](#f3-ijms-13-16053){ref-type="fig"}). Consistent with tumor volumes, the xenograft weights were decreased by miR-218 expression. Western blotting analysis revealed that protein levels of Rictor were aberrantly inhibited in the miR-218 overexpression group ([Figure 3D](#f3-ijms-13-16053){ref-type="fig"}). These data indicated that miR-218 acted as a tumor suppressor in cervical cancer.

### 2.1.4. MiR-218 Increased Chemosensitivity of Cervical Cancer Cells to Cisplatin via Its Target Rictor

We constructed adenovirus carrying Rictor (Ad-Rictor) to rescue the low protein levels of Rictor in HeLa/miR-218 cells. To investigate whether miR-218 and its target, Rictor, play roles in the chemotherapy of cervical cancer, we exposed the stable cell lines, HeLa/miR-NC, HeLa/miR-218 or HeLa/miR-218 infected with Ad-Rictor, with different concentration of cisplatin (CDDP) ranging from 0 to 128 μM for 72h ([Figure 4A](#f4-ijms-13-16053){ref-type="fig"}). The cell viability was measured using WST-1 method. Overexpression of miR-218 increased sensitivity of HeLa cells to CDDP, while restoration of Rictor reversed it and increased chemo-resistance to that of HeLa/miR-NC cells. As shown in [Table 1](#t1-ijms-13-16053){ref-type="table"}, the IC50 of the three groups were 15.85 ± 1.21, 5.96 ± 0.57 and 11.88 ± 0.94, respectively, which indicated that miR-218 significantly increased chemosensitivity to CDDP. To investigate the role of miR-218 in CDDP treated cells, we detected the proliferation and apoptosis effect of miR-218-overexpressing cells exposed in CDDP. The three groups of cells were treated with 10 uM of CDDP (\~2 × IC50 of HeLa/miR-218 stable cells) for 72 h. WST-1 assay showed a remarkably decrease of cell proliferation ([Figure 4B](#f4-ijms-13-16053){ref-type="fig"}) and activities of Caspase-3 and -8 ([Figure 4C,D](#f4-ijms-13-16053){ref-type="fig"}) of miR-218 overexpressing cells. Furthermore, Rictor protein levels were reduced in the miR-218 transfectant and its levels were restored in the miR-218-Rictor co-transfectant (See [Supplement Figure S2](#s1-ijms-13-16053){ref-type="supplementary-material"}).

2.2. Discussion
---------------

The key finding of our study is that the tumor suppressive microRNA miR-218 reduced the growth of tumor cells and inhibited AKT-mTOR signaling pathway in cervical cancer. In addition, miR-218 increased chemosensitivity to cisplatin (CDDP) *in vitro* via its target, Rictor, which was evaluated as cell apoptosis as a measure of chemosensitivity.

The mTOR signaling molecules are activated in cervical cancer cell lines and cervical tumors. Activation of the mTOR signaling pathway may contribute to tumor cell proliferation and survival of cervical cancer cells \[[@b16-ijms-13-16053],[@b17-ijms-13-16053]\], and has been recognized as a key therapeutic target for the treatment of several types of cancers \[[@b18-ijms-13-16053]\]. Rictor is a critical component of mTORC2 that is required for assembly and activity of the PDK-2 kinase \[[@b19-ijms-13-16053]\]. Therefore, lower Rictor levels would be expected to reduce the phosphorylation of AKT (Ser 473). As shown in [Figure 2](#f2-ijms-13-16053){ref-type="fig"}, miR-218 inhibited the level of both Rictor and Phospho-AKT in HeLa cells. And recent study has shown that miR-218 targeted the mTOR component Rictor and inhibited AKT phosphorylation in oral cancer \[[@b13-ijms-13-16053]\]. Therefore, it suggested that miR-218 suppressed the growth of tumor originated from HeLa cells by AKT-mTOR signaling pathway.

Cisplatin, one of the broadest-spectrum anticancer agents, is currently used in the treatment of many types of advanced cancer, including carcinoma of the cervix \[[@b20-ijms-13-16053]\]. Until now, the prognosis of patients with advanced, persistent, or recurrent squamous cell carcinoma of the cervix has been poor \[[@b21-ijms-13-16053],[@b22-ijms-13-16053]\]. Currently, the most effective systemic treatment for metastatic cervical cancer consists of cisplatin-based combination chemotherapy \[[@b23-ijms-13-16053]\]. Unfortunately, although CC has been shown to be cisplatin-sensitive, responses are not typically durable, and the majority of patients experience subsequent disease progression \[[@b24-ijms-13-16053]\]. Resistance to chemotherapy is the most frequent obstacle to effective treatment \[[@b25-ijms-13-16053],[@b26-ijms-13-16053]\]. Pre-treatment with rapamycin inhibited activation of mTOR signaling and significantly enhanced the sensitivity of HeLa cells to cisplatin, by increasing apoptotic cell death \[[@b27-ijms-13-16053],[@b28-ijms-13-16053]\]. Furthermore, it is possible that miR-218 enhanced chemosensitivity to cisplatin by the AKT-mTOR signaling pathway. The tumor suppressive microRNA miR-218 also targeted the mTOR component Rictor and blocked AKT phosphorylation in oral cancer \[[@b13-ijms-13-16053]\], inhibited invasion and metastasis of gastric cancer by targeting the Robo1 receptor \[[@b29-ijms-13-16053]\].

MicroRNAs (miRNAs), one such class of non-coding RNAs, have been implicated in the regulation of cell growth, differentiation, and apoptosis \[[@b30-ijms-13-16053]--[@b32-ijms-13-16053]\]. While their study is still at an early stage and their mechanism of action along with their importance in cancer is not yet fully understood, they may provide an important layer of genetic regulation in tumorigenesis, and ultimately become valuable therapeutic tools.

3. Experimental Section
=======================

3.1. Cell Culture
-----------------

A human cervical cancer cell line HeLa was cultured in DMEM medium supplemented with 10% FBS and 1% penicillin/streptomycin and maintained at 37 °C in a humidified incubator containing 5% CO2.

3.2. Generation of HeLa Cells with Stable Expression of miR-218
---------------------------------------------------------------

HeLa cells were selected and maintained in DMEM complete medium containing 1 mg/mL G418 (Invitrogen) after transfection with pCR-miR-218 or pCR-miR-NC (control). After 2--4 weeks selection, the remaining cells were stably overexpressed with miR-218 or miR-NC.

3.3. Cell Proliferation Assay
-----------------------------

Cells were seeded at 1000 per well in 96-well plates. Cell viability was evaluated using a WST-1 kit (Roche) according to the manufacturer's instruction at indicated time. All results were from three separate experiments with six replicates.

3.4. Anchorage-Independent Colony Formation Assay
-------------------------------------------------

For anchorage-independent colony formation assay, 1 mL of 1% agarose (Sigma, Saint Louis, MI, USA) was added to each well of 6-well plates and kept in 4 °C, and pre-warm in 37 °C before use. Five thousand cells were mixed with 0.5 mL of 0.5% agarose and added onto the top of the well. About 2--3 weeks later, colonies were fixed with methanol for 15 min and stained with 0.1% crystal violet. Colonies with diameter more than 1.5 mm were counted. Experiments were performed with three replicates for three times.

3.5. Western Blotting Assay
---------------------------

Cells were harvested and lysed on ice for 30 min inRIPA buffer (Beyotime) supplemented with 1 mM phenylmethylsulfonyl fluoride (PMSF). Lysates were centrifuged at 12,000 rpm for 15 min, and supernatants were collected. Total proteins were separated by SDS-PAGE, and transferred onto nitrocellulose membranes in transfer buffer (20 mM Tris, 150 mM glycine, 20% (*v*/*v*) methanol). Membranes were blocked with 5% nonfat dry milk in PBS containing 0.05% Tween-20, and incubated with antibodies against Rictor, phospho-AKT (Ser-473), total AKT, Caspase-3, cleaved Caspase-3 (Cell Signaling Technology, Danvers, MA, USA) or β-actin (Sigma).

3.6. Caspase Activity
---------------------

The caspase activity evaluation was described as before \[[@b33-ijms-13-16053]\]. In brief, cytosolic protein extracts were harvested and homogenized in isolation buffer containing 10 mM Tris-HCl buffer (pH 7.6), 5 mM MgCl~2~, 1.5 mM potassium acetate, 2 mM dithiothreitol and protease inhibitor mixture tablets (Roche Applied Science, Mannheim, Germany). General caspase-3 and -8 activities were determined by enzymatic cleavage of chromophore p-nitroanilide (pNA) from the substrates N-acetyl-Asp-Glu-Val-Asp-pNA (DEVD-pNA) and N-acetyl-Ile-Glu-pro-Asp-pNA (IEPD-pNA) (Sigma), respectively. The proteolytic reaction was carried out in isolation buffer containing 50 μg of cytosolic protein and 50 μM specific caspase substrate. The reaction mixtures were incubated at 37 °C for 1 h, and measured by monitoring A405 using a 96-well plate reader.

3.7. *In Vivo* Tumorigenesis Study
----------------------------------

Female 6--8 weeks BALB/c nude mice were from Shanghai Laboratory Animal Center (Chinese Academy of Sciences, Shanghai, China) and maintained in special pathogen-free (SPF) condition. Animal experimental procedures were approved by the Animal Ethics Committee of Nanjing Medical University. 4 × 10^6^ of cells were suspended in FBS-free DMEM medium and subcutaneously injected into two sides of the posterior flanks of nude mice. Tumor sizes were monitored every two days at day 10 when they were apparently seen. Tumor volume was calculated as follows: volume = 0.5 × Length × Width^2^. 24 days after implantation, mice were sacrificed and tumors were removed.

3.8. Adenovirus Preparation
---------------------------

Recombinant adenoviruses were constructed using the AdEasy system. The construction of adenovirus carrying Rictor was performed as described before \[[@b34-ijms-13-16053]\]. Briefly, Rictor cDNA fragment was PCR amplified using pDONR-Rictor (GeneCopoeia) as template, sequenced and inserted into into pAdtrack-CMV shuttle vector. The resulting plasmid pAdTrack-CMV-Rictor was linearized with *Pme*I followed by homologous recombination with bone plasmid pAdEasy-1 in BJ5183 bacteria cells to generate recombinant plasmid pAd-Rictor, which was then digested with *Pac*I and transfected to AD-293 cells by Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) to package recombinant adenovirus. The primers used were as follows: Rictor-F (*Sal*I), 5′-GTCGACATGGCGGCGAT CGGCCGCGGCC-3′; Rictor-R (EcoR V), 5′-GATATCTCAGGATTCAGCAGATGTATC-3′. Viral titers were determined using the BD Adeno-X Rapid Titer kit (BD Biosciences, Franklin Lakes, NJ, USA) according to the manufacturer's manual.

3.9. *In Vitro* Assay of Chemosensitivity to Cisplatin (CDDP)
-------------------------------------------------------------

Cell were seeded at density of 4000 cells/well in 96-well plates and allowed to attach overnight. CDDP (Sigma) was freshly prepared and added to cells with final concentration series from 0 to 128 μM. After incubation for 72 h, cell viability was determined by WST-1 kit. The IC50 values were calculated and presented as means ± SE from three independent experiments performed in sextuple.

3.10. CDDP Treatment of Cancer Cell *in Vitro*
----------------------------------------------

Cells were seeded and allowed to attach overnight. On the second day, freshly prepared CDDP was added. The concentration of CDDP was 2 × IC50 of HeLa/miR-218 stable cells. The chemotherapeutical-treated cells were further cultured for cell proliferation assay at indicated time points or for caspase activity assay for 72 h.

3.11. Statistical Analysis
--------------------------

Data in the present study were represented as means ± SD of at least three independent experiments except as indicated. Student's unpaired *t* test was used for comparison between two groups. Values were considered significantly different when *p* \< 0.05.

4. Conclusions
==============

We have shown that miR-218 inhibited the proliferation of the human cervical cancer cell line HeLa and increased chemosensitivity to cisplatin *in vitro* by blocking the AKT-mTOR signaling pathway, which may provide an important layer of genetic regulation in tumorigenesis and ultimately become valuable therapeutic tools.
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![Overexpression of miR-218 reduced proliferation of cervical cancers. (**A**) miR-218 overexpression decreased HeLa cell growth. Cell viability was measured using a WST-1 kit at indicated time point. Data were means ± SD from three independent experiments performed in sextuple. (**B**) miR-218 overexpression reduced colony formation of HeLa cells. Five thousand cells were mixed with resolved agarose and seeded in 6-well plates for three weeks. Colonies were stained by crystal violet (top) and counted (bottom). Data were means ± SE. ^\*^ indicated significant differences between groups of miR-218 and control. ^\*^*p* \< 0.05.](ijms-13-16053f1){#f1-ijms-13-16053}

![MiR-218 inhibited expression of Rictor, a component of mTOR, and induced apoptosis of cervical cancer cells. (**A**) Western blotting assay of miR-218 overexpression cells. Total cell lysats were subjected to analysis the levels of Rictor, p-AKT, total-AKT, caspase-3 and cleaved caspase-3. (**B**) Overexpression of miR-218 increased activities of caspase. Cells were transfected with 40 nM of pre-miR-218 or pre-miR-NC for 72 h and subjected to caspase enzyme activity analysis. Data were means ± SE from three experiments. ^\*^ represented significant differences between groups of miR-218 and control. ^\*^*p* \< 0.05.](ijms-13-16053f2){#f2-ijms-13-16053}

![Forced expression of miR-218 impaired cervical tumor growth *in vivo*. Cells stably expressing miR-218 or miR-NC were suspended in FBS-free DMEM medium and subcutaneously injected into 2 sides of posterior flanks of nude mice (*n* = 4). 24 days after implantation, mice were sacrificed and xenografts were removed. (**A**) Representative tumor xenografts at day 24. (**B**) Tumor volumes were measured every two days from the time that they were apparent. (**C**) Average weights of tumors. (**D**) Western blotting analysis of Rictor protein expression in xenograft tumors. Data were means ± SE. ^\*^ indicated significant differences between groups of miR-218 and control. ^\*^*p* \< 0.05.](ijms-13-16053f3){#f3-ijms-13-16053}

![MiR-218 increased chemosensitivity to cisplatin (CDDP), which was counteracted by overexpression of Rictor. Cells were transfected with 40nM pre-miR-NC, or 40nM pre-miR-218 with or without Rictor cDNA. Eight hours after transfection, cells were exposed to CDDP for further examination. (**A**) Proliferation assay of tumor cells in the present of different concentration of CDDP. 5000 cell per well were seeded in 96-well plates and incubated with different concentration of CDDP for 72 h. Cell viability was measured by WST-1 kit. Data were means ± SE from three independent experiments performed in sextuple. (**B**) Cell proliferation in the treatment of 12 μM CDDP. Data were means ± SE from three independent experiments performed in sextuple. (**C**, **D**) Caspase activity analysis of tumor cells with or without CDDP. Cells treated with or without 12 μM CDDP were analyzed for Caspase-3 (**C**) and Capase-8 (**D**), respectively. ^\*^ represented as significant differences between groups of miR-218 and control, while ^\#^ represented as significant differences between groups of miR-218 and miR-218+Rictor. ^\*,\#^*p* \< 0.05.](ijms-13-16053f4){#f4-ijms-13-16053}

###### 

IC~50~ (72 h) of CDDP treated cancer cells.

  Stable Cell Line        IC50 (μM) of Cells Treated by CDDP
  ----------------------- -----------------------------------------------------------------------------------------------------------
  HeLa/miR-NC             15.85 ± 1.21
  HeLa/miR-218            5.96 ± 0.57 [\*](#tfn1-ijms-13-16053){ref-type="table-fn"},[\#](#tfn2-ijms-13-16053){ref-type="table-fn"}
  HeLa/miR-218 + Rictor   11.88 ± 0.94

indicated significant differences between groups of miR-218 and control.

represented significant differences between groups of miR-218 and miR-218+Rictor.

*p* \< 0.05.
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